This article reports the microstructure and forming process of self-assembly pattern from phospholipid coated gold nanoparticles. Gold nanoparticles coated with phospholipids can self-assemble to form fractal dendritic patterns whose morphology depends on the ratio of gold to phospholipids, the gold nanoparticles concentration, substrate material and drying temperature, and whose microstructure is discontinuous gold nanoparticles covered with crystal sodium chloride according to the analysis of atomic force microscope (AFM) and scanning electron microscopy (SEM) and elemental analysis by Auger spectroscopy. The formation process of the self-assembly pattern was monitored by an off-line (different position at the same droplet) monitoring method.
INTRODUCTION
Studies on the catalytic and optical properties of nanoscale materials have recently attracted lots of research attention. [1] [2] [3] [4] [5] [6] However, a significant challenge in synthesizing nanoscale materials and devices is the development and application of new methods to interconnect and pattern-assemble individual components. Due to the tiny feature size of nanoscale materials, self-assembly becomes a very important method to construct nanostructures that are fundamental important and have great potential applications. [7] [8] The constitution of robust, programmed structures can lead to the manufacturing of new types of nanoscale devices with tunable characteristics, such as self-assembling metallic nanoparticles to create advanced metallic materials in an easy and cost-effective manner. 9 A model to study the relationship among complex aggregation pattern, the size of nanoparticles and drying temperature has been proposed. 10 The self-assembly of hydrophobic gold nanoparticles with phosphatidylcholine lipid 11 and ligand mediated self-assembly behaviour of polymer-enveloped gold nanoparticles 12 have been studied. NH + 3 inducing the self-assembly of gold nanoparticles * Author to whom correspondence should be addressed. Email: hyzhsong@hotmail.com Received: 10 January 2012 Revised/Accepted: 13 January 2012 at the surface of the electrodes, 13 the polymer-mediated nanoparticles assembly, 14 the gold nanoparticle selfassembly in saturated phospholipid monlayers 15 have been reported. Ahuja et al. 16 studied the immobilization of uricase enzyme on self-assembled gold nanoparticles.
In this paper, we investigated the microstructure of selfassembly pattern from phospholipid coated gold nanoparticles (GNPs) by Atomic Force Microscope (AFM), SEM and Auger spectroscopy and microscope images. We also researched the tomography characters with different molar ratio of gold to phospholipids, different matrix, drying temperature and forming process of self-assembly pattern through off-line (different position at the same droplet) monitors. We found the microstructure of self-assembly pattern from phospholipid coated GNPs is composed of gold nanparticles and crystal sodium chloride which is the balancing ions of phospholipids. Though the local pattern is continuous, the gold nanoparticles are discontinuous. The formation process of the self-assembly pattern is that small GNPs aggregate to form bigger, then bigger nanoparticles self-assemble to form pattern.
MATERIALS AND METHODS

Materials
Gold chloride trihydrate (HAuCl 4 · 3H 2 O, 99.9% purity), and sodium borohydride (NaBH 4 were purchased from ARTICLE Sigma-Aldrich. The phospholipid 1-palmitoyl-2-oleoyl-snglycero-3-phospho-(1 -rac-glycerol) (sodium salt) (POPG) was purchased from Avanti Polar Lipids Inc.
Synthesis of Phospholipid Coated GNPs
The following procedures outline the synthesis of phospholipid coated GNPs for 1:1.7 mole ratio of gold to phospholipids.
(1) 0.0084 g of POPG (powder) was transferred to a clean 125 mL conical flask containing 14.5 mL of MilliQ high purity de-ionized water. 
Self-Assembly Pattern
100 l of 1:0.3, 1:1, 1:1.7 POPG coated GNPs solutions were transferred into a respective 1 mL tube; 100 l of DI water was added into each tube and mixed thoroughly. 100 L of the diluted solution was deposited onto a matrix. The sample was covered and maintained at room temperature (22 C) or 37 C for drying.
Microscope Image
All microscope images were taken by video microscope (Motic AE 31 optical microscope coupled with a Moticam 2300 camera).
Atomic Force Microscope (AFM) Image
A small amount of sample solution was directly transferred dropwise onto the silicon wafer. The sample was covered and kept at room temperature until dried. AFM images were taken using Veeco ® Multimode V SPM operating in tapping mode.
SEM Image and Elemental Analysis
The SEM and elemental analysis from Auger spectroscopy were carried out using JAMP-9500F Auger microprobe (JEOL). The instrument is equipped with a Shottky field emitter that produces electron probe diameter of about 3 to 8 nm at the sample. The accelerating voltage for both SEM and Auger spectroscopy was 10 kV and the probing current for Auger spectroscopy was 10 nA. The working distance was 24 mm. The sample was rotated 30 degrees away from the primary electron beam to face the electron energy analyzer.
The M5 lens with 0.6% energy resolution was used for Auger spectroscopy. The Auger peaks of Si KLL (1600 eV), Ag MNN (350 eV) and Au MNN (2015 eV) were selected for the mapping. The intensity of each pixel in the Auger image was calculated by (P − B)/B, where P and B are the peak and background intensities, respectively. Using this intensity definition helps to reduce the edge effect of islands and dots. An auto-probe-tracking technique was used to compensate for possible image drifting caused by power instabilities during the analysis. The emission current is 20 mA, the accelerating voltage is 2000 V, the sputtering rate is 15 nm/min calibrated by SiO 2 , and the size is a 500 m × 500 m Argon source.
TEM Image
The TEM image was taken using Philips-FEI Morgagni 268 instrument, and operated at 80 kV. The sample solution was deposited on the Copper support coating with carbon and negatively stained with Phosphotungstic Acid (PTA).
RESULTS AND DISCUSSION
Self-Assembly Patterns of
Phospholipid Coated GNP Figure 1 shows the structure and self-assembly patterns of GNP coated with phospholipids from TEM image and microscope images at different drying temperature and on different matrix. From TEM image, the size of gold nanoparticles is about 5-8 nm. The GNP are surrounded by phospholipids although it seems that the density of phospholipids is not enough large. According to the microscope images, the self-assembly patterns of GNP coated with phospholipids are distinctively different on different matrix and at different drying temperature. The selfassembly pattern is the best on glass matrix and drying at room temperature, and its tomography is fractal dendritic. The self-assembly patterns on plastic and silica are not very good. At 37 C, it seems that small gold nanoparticles form bigger crystal, not forming self-assembly pattern. Figure 2 shows the self-assembly patterns of GNP coated with different concentrations of POPG. When the molar ratio of gold to POPG changes from 1:0.3 to 1:1.7, the self-assembly patterns become smaller. Also evident from the zoomed-in images (sub-images on the left-column of Fig. 1 ), the morphology of the 1:1.7 sample is smoother ARTICLE Fig. 1 . Structure and self-assembly patterns of GNP coated with phospholipids from TEM image and microscope images at different drying temperature and on different matrix. TEM image from PTA negative staining method. locations throughout the droplet. Right-column images in Figure 2 , which depict self-assembly patterns near the boundary of droplet, indicate that these patterns grow starting from the boundaries. Figure 3 shows the off-line images of self-assembly pattern formation process. After depositing a droplet onto a slide for two hours, some preliminary crystals begin to form at the border of the droplet. After five hours, this boundary becomes stable and smooth. After seven hours, some gold crystals have formed. After 21 hours, self-assembly patterns became distinct. Therefore, the self-assembly pattern formation process can be divided into three-substeps:
(1) the boundary at the contact line between droplet and slide is first formed; (2) some large gold crystals are then formed; (3) the self-assembly pattern is gradually formed.
Microstructure of the Self-Assembly Pattern
Self-assembly of phospholipid coated GNPs on silica or glass surfaces yields patterns with similar morphology but different in size and quality (refer to Figs. 1, 4) , which indicates the substrate materials can affect the self-assembly patterns. Zoomed-in 3D AFM images (Fig. 4 ) at various locations throughout the self-assembly pattern show that the pattern morphology is very different at the different location of the same pattern. The selfassembly pattern exhibits greater continuity, yet the vertical height at all these locations remains about 107 nm. According to the zoomed-in SEM image (Fig. 4 -right) and elemental component analysis of the 1:1 sample, we find the surface components of self-assembly pattern are Sodium, Chlorine, and a few carbon and oxygen elements (Fig. 4-upper right, red line) . For areas other than the pattern, the composition includes carbon, oxygen and silicon elements (Fig. 4-upper right, blue line) , in which carbon and oxygen should be from phospholipids, and silicon from silicon substrate. These results further show that the self-assembly patterns may arise from the synergistic action of gold nanoparticles, capping-agent phospholipids, and sodium chloride. In the sample solution, sodium cations occur as the balancing ions of phospholipids.
To validate the above observations, we placed sample (1:1) shown in Figures 2 and 4 at room temperature for two months (Fig. 4-upper) . The self-assembly pattern becomes unclear, only discontinuous patches of gold nanoparticles remain due to the deliquesce of sodium chloride and decomposition of phospholipids. However, we still can see the outline of self-assembly pattern. It seems that discontinuous gold nanoparticles constitute the main contour of the self-assembly pattern, which is covered by crystal sodium chloride.
CONCLUSION
Phospholipid coated GNPs are able to mediate the self assembly of gold nanoparticles to form intricate dendritic aggregation patterns. The microstructure of selfassembly pattern is that discontinuous gold nanoparticles covered with crystal sodium chloride. The pattern morphology depends on the ratio of gold to phospholipids, the gold nanoparticles concentration, drying temperature as well as substrate material onto which the sample is deposited. Careful monitoring of the formation process offline method reveals several distinct phases of self assembly: (i) forming the boundary at the contact line, (ii) aggregating to form bigger gold nanoparticles, and (iii) maturation of the self-assembly pattern across the whole droplet.
